Objective: A novel non-invasive technique termed microknemometry, which allows daily leg length measurement, was used to investigate the growth promoting effect of growth hormone (GH) on peripubertal rats. We compared the effect of different patterns of recombinant human (rh) GH administration to peripubertal male rats with the effect produced by two daily administrations of the same amount of rhGH to peripubertal female rats or adult male rats. Another group of peripubertal male rats was also submitted to a 3-day period of starvation, in order to study catchup growth during refeeding and to determine whether this process could be stimulated by exogenous GH administration. Results: GH treatment was unable to stimulate tibial growth or weight gain in peripubertal males, whereas a clear growth promoting effect was observed in female rats and also in adult male rats. Starvation caused a dramatic body weight loss, and a reduction in tibial growth rate. Peripubertal male rats gained body weight faster than unstarved animals during refeeding, although recovery was not complete after nine days. Tibial growth, however, was resumed at the same speed as in normally fed males. This means that no catch-up effect was observed after refeeding in animals either with or without GH treatment. Conclusions: During peripuberty, normal male rats grow at a maximal speed that cannot be further increased by exogenous GH treatment, whereas age-matched female rats or older males grow at a slower rate than peripubertal males. Thus, exogenous rhGH administration is capable of enhancing growth velocity.
Introduction
A novel non-invasive leg length measuring technique, microknemometry (1) (2) (3) (4) (5) , offers new possibilities when studying body growth in experimental animals. This technique allows daily measurement of tibial growth in vivo, and represents a significant improvement over other kinds of estimations of this process, such as those obtained from oxytetracycline deposition or radiographical methods which may cause damage to growth processes. Other growth evaluation methods, such as body weight, nose-tail length, or tail length cannot substitute for long bone growth estimations since long bones are the only ones that respond to growth hormone (GH) in a dose-dependent manner (6) .
The growth promoting effect of recombinant human (rh) GH on dwarf rats (7) or hypophysectomized rats (8) is well known. GH has also been reported to be effective in promoting growth in normal animals during the active growing period. However, and although not specifically stated, those studies have been conducted on female rats (9, 10) . We wanted to determine, using microknemometry, if the growth rate in peripubertal male rats could also be enhanced by exogenous rhGH, comparing the results with those obtained by treating age-matched females and/or adult male rats.
Catch-up growth is a common phenomenon following periods of growth arrest produced by starvation, illness or other reasons. It consists of an increased growth rate that tries to compensate for growth loss during growth arrest, in order to re-establish normal size. This process has previously been investigated in rats, studying changes in weight (11, 12) , or body and tail length variations (13) as growth indices. The present study was carried out using microknemometry in order to investigate the dynamics of long bone growth after food restriction and the possible existence of supraphysiological growth rates during refeeding (catch-up growth).
Animals and accommodation
Female and male Wistar rats were kept under controlled conditions of light (12 h light/12 h darkness), and temperature (21 Ϯ 2 ЊC), and were fed with tap water and rat chow (Panlab, Barcelona, Spain) available ad libitum (except those starved in experiment 4). Animals were weighed daily and their tibial length was also measured daily by microknemometry. rhGH was used for treatments (Saizen, Serono, Madrid, Spain). Animals were killed by decapitation at the end of the observation period at 0900 h, trunk blood was then collected and centrifuged to extract the plasma which was kept at ¹20 ЊC for hormone determinations by specific radioimmunoassays.
Growth measurement
Bone growth was measured by microknemometry (1) (2) (3) (4) (5) , which is performed on conscious animals. The mean technical error of the microknemometer is about 60 mm, implying that growth can be monitored daily as this error represents approximately 10% of the rat's daily average growth, which amounts to about 550 mm/ day for a 40-day-old male rat. The microknemometer is a digital goniometer, connected to two measuring arms with metallic holders which grasp the rear leg between the knee and the heel. Each measurement consists of 4 independent estimations of the leg length. The animal could move freely between each measurement.
Growth hormone and insulin-like growth factor (IGF)-I measurements
Plasma GH levels were determined by double antibody RIA as previously described (14, 15) , using anti-rGH-S-5 specific rat (r) antibody and rat GH RP2 as the standard. All the materials were kindly provided by the NIDDK (Bethesda, MD, USA). The iodination of the rat GH I-6 was performed using the lactoperoxidase method. The sensitivity of the curve was 25 pg/ml. The intra-assay and interassay coef-ficients of variation were 5.7% and 9.4%. The IGF-I used for iodination (by the chloramine T method) and for the standard curve dilution was A 52-EDP-186 (Lilly Company, Indianapolis, IN, USA). The antibody (UB2-495) was provided by the NIDDK. The assay was performed as previously described (15) (16) (17) : IGF-I binding proteins were separated by acid ethanol extraction (16) . The sensitivity of the curve was 10 pg/ml, and the intra-assay and interassay coefficients of variation were 7.8% and 12.9%. IGF-I RIA was validated (18) by analyzing the correlation between the IGF-I reference curve and dilution curves of extracted samples, showing a high degree of parallelism. Mean recovery of labeled IGF-I preincubated with several samples before acid ethanol extraction was 83%. Separation of extracted plasma with dextran charcoal showed that it was 98% free of binding proteins whereas the unextracted plasma showed only 43% free IGF-I.
Experimental designs
First experiment Twenty peripubertal male rats were submitted to either once daily s.c. injection of 1 IU rhGH (n ¼ 10), or the corresponding volume of saline (n ¼ 10), from days 28 to 58 of life, thus covering the entire pubertal growth period.
Second experiment Forty-one peripubertal male rats were divided into 6 groups: three groups of animals received once daily s.c. injection of 1 IU rhGH at 1000 h (Group A, n ¼ 7), 1400 h (Group B, n=7), or 1900 h (Group C, n ¼ 7). Another group received the same dose but it was divided into 3 injections at 1000 h, 1400 h and 1900 h (Group D, n ¼ 7), and the next group also received the same GH dose although under a continuous administration regimen (Group E, n ¼ 6). An Alzet (Alza Corporation, Palo Alto, CA, USA) osmotic pump implanted subcutaneously under ether anesthesia performed the continuous administration. The control group received 3 daily s.c. saline injections (Group F, n ¼ 7). These treatments were maintained from days 38 to 51 of life.
Third experiment Nine peripubertal female rats were treated with 1 IU rhGH divided into two daily s.c. injections at 1000 h and 1600 h, whereas another 10 females were injected at the same times with the same volume of saline. The treatment was maintained from days 25 to 60 of life.
Fourth experiment Eight adult male rats (379 Ϯ 8.6 g) were treated with 1 IU rhGH divided into two daily s.c. injections at 1000 h and 1600 h from days 96 to 123 of life. Another 10 age-matched males (379 Ϯ 11.3 g) were injected with saline and served as controls.
Fifth experiment Thirty-one peripubertal male rats were ad libitum fed from days 27 to 32 of life and thereafter underwent different feeding regimens. Groups A, B, C and D received no food on day 33 and only 30% of the usual daily amount during the following two days. After this period, food was again available ad libitum until day 44. Group E (control) had food available ab libitum for the whole period of time. Group B received a single daily injection of 1 IU rhGH between days 35 and 38. Likewise, Groups C and D received a single daily rhGH injection (1 IU/rat/ day) between days 37 and 40, and 39 and 42 respectively.
Statistical analysis
Values are expressed as means Ϯ S.E.M. The possible effect of GH treatment on growth was evaluated using a two-factor analysis of variance (ANOVA) for repeated measures. To determine differences in temporal estimations such as final length, final weight or hormonal levels, a one-way ANOVA followed by a Scheffé test was performed. A Student's t-test was used when only two groups were compared. To study growth speed after food restriction and growth rate in old male rats, a linear regression analysis was used. Statistics were performed on an Apple Inc. Program (Stat View). The significance level was determined to be P < 0.05.
Results

First experiment
No changes were found in either male rat tibial length (Fig. 1) or daily body weight evolution in response to exogenous rhGH s.c. administration (1 IU/day).
Second experiment
The same daily dose of rhGH was used from days 38 to 51 with different patterns of administration (i.e. one single injection at different times of the day, 3 injections per day or continuous s.c. infusion). GH was again unable to increase normal growth rate of tibial length or body weight in peripubertal males (Table 1) .
Treatment with rhGH did not modify plasma IGF-I levels. However, all rhGH-treated groups showed a significant decrease in plasma GH levels (P < 0.01) when compared with the control group (Table 1) .
Third experiment
GH administration to peripubertal female rats from days 25 to 60 significantly increased both tibial length growth rate (Fig. 2 ) and body weight (Fig. 3) as compared with control animals (P < 0.05 vs control). As in the previous experiment, this treatment had no effect on plasma IGF-I levels (Fig. 4) .
Fourth experiment
An evident reduction in growth rate with increasing age occurs in the rat (2.76 mm of leg length growth in 30 days, compared with data in Table 1 ), almost reaching a plateau after 3 months. An increase in tibial length increment during the observation period was detected in GH-treated males, although insignificant when compared with controls (GH-treated males 3.01 Ϯ 0.3 mm vs controls 2.76 Ϯ 0.2 mm). However, linear regression analysis showed a significantly higher slope in GH-treated males: control males 85.7 (confidence interval 95% upper: 93.7, 95% lower: 77.7); males þ GH: 109.4 (confidence interval 95% lower: 100.4, 95% upper 118.5). Plasma IGF-I levels were also significantly increased by the GH treatment (controls 1095.6 Ϯ 67.7 ng/ml vs GH-treated 1344.4 Ϯ 66.53 ng/ml).
Fifth experiment
Leg growth No statistical differences in tibial length or body weight could be seen among the different groups at the beginning of the experimental manipulation (day 31). Animals submitted to starvation exhibited a growth rate reduction during the period of food restriction when compared with ad libitum fed animals (starved 1.55 Ϯ 0.072 mm vs control 3.48 Ϯ 0.1, P < 0.0005). During refeeding, leg length growth resumed at a pace that was indistinguishable from the control animals; consequently, all starved groups showed a smaller tibial average length than the control group on day 40 (P < 0.005, Fig. 5 ). Figure 5 demonstrates that none of the rhGH treatments tested was able to stimulate catch-up growth. In order to investigate possible trends in tibial length recovery, the whole poststarvation period was submitted to a linear regression analysis. No significant differences in slopes were detected between starved and ad libitum fed animals, whether treated with GH or not ( Table 2) .
Body weight Starvation induced a dramatic weight loss. The weight variations during the 3-day period of food restriction were ¹13.4 Ϯ 0.59 g for starved animals, and 38.3 Ϯ 1.48 g for ad libitum fed animals (P < 0.001). Refeeding induced a significant weight gain during the first day in starved vs control animals (refed 21.6 Ϯ 0.76, control 7.5 Ϯ 0.56, P < 0.0001). Weight gain during refeeding took place at a faster rate than in control animals as determined by simple regression analysis for the whole recovery period (Table 2) .
Nevertheless, at the end of the observation period all the starved groups still displayed a significantly lower body weight when compared with controls ( Fig. 6 , P < 0.005). Exogenous rhGH administration during refeeding was not able to induce any stimulatory effects on body weight (Fig. 6 ).
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Figure 6
Mean body weight (Ϯ S.E.M.) corresponding to normal male rats from days 27 to 44. The starvation period (3 days) is shown as a shaded band. GH treatments (1 IU rhGH/rat/day) were: from day 35 to day 38 (GH 1); from day 37 to day 40 (GH 2); from day 39 to day 42 (GH 3). *P < 0.005 vs control. No effect on body weight was induced by rhGH administration during refeeding.
Discussion
In previous studies, exogenous GH subcutaneous administration, at doses lower than or similar to ours, in normal rats (ϳ0.084 mg/rat/day -0.4 mg /rat /day) (19) (20) (21) , hypophysectomized rats (0.128 mg/rat/day) (22) , and dwarf rats (ϳ0.05 mg/rat/day) (23) has been shown to increase rat growth rate as measured by body weight or tail length. In our study, GH administration (1 IU/day ¼ 0.3 mg/day, in a single s.c. injection per rat) has proved to be ineffective in promoting tibial growth and body weight gain in peripubertal male rats. This lack of effect might have been attributed to an inappropriate injection timing since it has been reported that 2 or 4 daily GH injections (22, 24) , or even continuous GH administration (25) are more effective than one single injection in stimulating bone growth. To evaluate this possibility a second experiment was designed in which different GH administration schedules were tested, while maintaining the same total dosage.
No effect on bone growth in peripubertal male rats could be observed with 3 daily injections, or one single injection at different hours of the day or a continuous GH s.c. infusion. The possibility that inadequate timing of GH administration was responsible for the lack of effect was thus discarded. However, the observed reduction in endogenous plasma rat growth hormone levels, in accordance with Maiter et al. (26) and Domené et al. (19) indicates a negative feedback of rhGH on endogenous rat GH secretion and, therefore, the effectiveness of rhGH exogenous administration.
Although GH administration to young normal male rats generally has no effect on body weight (26, 27) , some authors have found a slight stimulatory effect on this parameter after 7 days of the injection of 0.084 mg/ rat/day rhGH (19) or IGF-I (28). Since GH was found to be more effective in promoting growth than IGF-I (8), we used GH at higher doses than those used by Domené et al. (19) , and studied the animals for a considerably longer period of time, without observing any weight increment. Nevertheless, it must be taken into account that detecting weight gain does not necessarily mean growth, and vice versa; GH metabolic and growth promoting effects can follow different paths, since in obese dw/dw rats GH infusions induced weight loss while GH injections caused weight gain, and both treatments stimulated skeletal growth (29) .
It is very important to point out that in our study the same rhGH dose that proved ineffective in peripubertal males was, however, able to stimulate growth in peripubertal female rats. Similar GH doses have also been described to stimulate growth in females by other authors, although expressed in terms of accumulated tibial growth (9), differences in final length (10), or changes in weight or tail length (30) instead of daily tibial length evolution as we are herewith reporting.
Human recombinant GH is antigenic in the rat (30) and thus, during long-term treatments, a certain waning effect of the growth rate stimulation (31) could be expected due to the formation of rhGH antibodies. However, this phenomenon cannot be held responsible for the total lack of growth enhancement in peripubertal male rats, since the same absence of response should also have appeared in female rats. In addition, no GH toxic effects should be expected since the doses used in the present study were much lower than those associated with important side effects, as shown by Groesbeck et al. (30) .
GH administration to peripubertal rats was not associated with an increase in plasma IGF-I levels, as has been reported previously (20, 23, 32) . GH can promote growth without inducing significant changes in plasma IGF-I levels as was the case in females (32) . Local rather than circulating levels of IGF-I concentrations seem to be the crucial growth factor (33) , and are probably regulated by IGF binding proteins (34) .
We are proposing that normal male rats do in fact grow at maximum speed during the peripubertal period, and exogenous rhGH administration was not able to increase it. Female rats of the same age grow at a slower rate than males (35, 36) rats (37) as measured by femur length or body weight (26) , the possibility that this could be due to the slowing down of growth rate at this age needed to be tested. To prove this hypothesis, normal males of 96 days of age were submitted to the same GH dose and treatment schedule that proved unsuccessful in peripubertal males, finding this time an increase in their tibial length growth rate.
Other data from the literature show that rat growth rate can be accelerated with GH only when animals have finished the highly active growing pubertal period. Genetic large (LL) rats (38) , or hGH transgenic rats (39, 40) , or even rats implanted with a GH secreting tumor (26) showed higher body weight than controls only when animals were older than our peripubertally GHtreated males.
Catch-up growth following a period of growth arrest (as occurs during starvation) is another situation in which growth rate has been shown to be augmented. This process, however, has mostly been investigated by using changes in weight as an index for growth (see 42 for review).
We submitted normal peripubertal male rats to a period of food restriction, and observed a dramatic weight loss followed by a catch-up during refeeding. Although all groups tended to recover their normal weight, recovery was incomplete at the end of the experiment. It seems that reaching a complete recovery also depends on the time of onset of growth retardation (42) or on the necessity of additional time.
The picture was somewhat different for leg length growth, since no catch-up effect was observed. The different groups submitted to starvation showed the same growth pattern after refeeding as normally fed animals. However, the groups had lower leg lengths at the end of the study due to the growth arrest during the starvation period. None of the GH treatments was able to change the evolution of weight or tibial growth. As a result, the loss of tibial growth was not recovered and the final leg length was lower in starved animals. These results reinforce our hypothesis that normal peripubertal males show a maximal growth speed that apparently cannot be further improved. Phillips and Young (43) reported that starvation reduces the incorporation of SO 4 to the growth plate. This effect was reversed by refeeding but incorporation of SO 4 did not surpass the levels observed in well-fed one-month-old male rats, implying that no supraphysiological growth (catch-up) occurs.
Other studies by our group (2) have demonstrated that, when animals older than those used in these experiments were submitted to food restriction, they exhibited a mild leg length growth stimulation and a rapid and complete weight catch-up when refeeding.
Other authors (44) have pointed out the possibility that male rats grow at a maximal velocity during peripuberty but no conclusive data have so far been presented. Our results help support this hypothesis and show the necessity of a more careful specification when describing GH effect on normal rats. We also advise using long bone growth estimations instead of body weight when evaluating growth processes. Our data on catch up-growth and bibliographic references reinforce the existing differences between these parameters.
